Rsf-1 interacts with human sucrose nonfermenting protein 2 homologue (hSNF2H) to form a chromatin remodeling complex that participates in several biological processes. We have previously shown that Rsf-1 gene amplification was associated with the most aggressive type of ovarian cancer and cancer cells with Rsf-1 overexpression depended on Rsf-1 to survive. In this report, we determine if formation of the Rsf-1/ hSNF2H complex could be one of the mechanisms contributing to tumor cell survival and growth in ovarian carcinomas. Based on immunohistochemistry, we found that Rsf-1 and hSNF2H were co-upregulated in ovarian cancer tissues. Ectopic expression of Rsf-1 in SKOV3 ovarian cancer cells with undetectable endogenous Rsf-1 expression enhanced hSNF2H protein levels and promoted SKOV3 tumor growth in a mouse xenograft model. Our studies also indicated that induction of Rsf-1 expression affected the molecular partnership of hSNF2H and translocated hSNF2H into nuclei where it colocalized with Rsf-1. Furthermore, analysis of Rsf-1 deletion mutants showed that the Rsf-D4 fragment contained the hSNF2H binding site based on coimmunoprecipitation and in vitro competition assays. As compared with other truncated mutants, expression of Rsf-D4 resulted in remarkable growth inhibition in ovarian cancer cells with Rsf-1 gene amplification and overexpression, but not in those without detectable Rsf-1 expression. The above findings suggest that interaction between Rsf-1 and hSNF2H may define a survival signal in those tumors overexpressing
Introduction
Gene amplification represents one of the molecular genetic hallmarks in human cancer. Elucidating the molecular mechanisms of how amplified genes maintain malignant phenotypes and propel tumor progression is fundamental in understanding the molecular etiology of human cancer and would have therapeutic implications. Previous genome-wide analysis using digital karyotyping (1) has identified a novel amplicon at chromosome 11q13.5 in high-grade serous carcinomas, the most common and malignant type of ovarian cancer (2) . 11q13.5 amplification occurs in 13% to 15% of ovarian serous carcinoma based on fluorescence in situ hybridization analysis (2, 3) and the amplification is significantly associated with a shorter overall survival in patients with ovarian serous carcinoma (2) . In addition to ovarian carcinoma, the 11q13.5 region is found to be amplified in other types of neoplastic diseases including breast, bladder, esophageal, and head and neck cancers (4) .
Among the genes within the 11q13.5 amplicon, Rsf-1 (also known as HBXAPa) was proposed as a candidate cancer-associated gene because it showed the highest correlation between DNA copy number and RNA copy number in ovarian cancer tissues. Rsf-1 protein partners with human sucrose nonfermenting protein 2 homologue (hSNF2H; also known as SMARCA5) to form the RSF complex, which belongs to the ISWI family of chromatin remodelers (5) . In this complex, Rsf-1 functions as a histone chaperone to modulate DNA binding activity of RSF complex, whereas hSNF2H possesses nucleosome-dependent ATPase and helicase activities for DNA unwinding (5) . In addition, Rsf-1 protein contains a novel PHD zinc finger domain, which has been shown to participate in protein-protein interaction and transcriptional regulation (6, 7) . The Rsf-1/hSNF2H complex (RSF complex) mobilizes nucleosomes to remodel the chromatin structure in response to a variety of growth signals and environmental cues. It has been shown that such nucleosomal remodeling, as occurs in many ISWI and SWI/SNF complexes, is essential for transcriptional activation or repression (8) (9) (10) , DNA replication (11) , and cell cycle progression (12) . Recently, a growing body of evidence has accumulated to support a novel role of chromatin remodeling in cancer (13) (14) (15) (16) (17) (18) (19) . The change in the homeostasis of Rsf-1 and hSNF2H protein may be related to the aggressive behavior of tumors with Rsf-1 gene amplification and overexpression.
Although alterations of chromatin structures have been linked to cancer development, the molecular mechanisms underlying how Rsf-1 gene amplification and overexpression contribute to tumor progression are largely unknown. Our previous studies have shown that higher RNA or protein levels of Rsf-1 are associated with the most aggressive type of ovarian cancer (2, 20) and a shorter overall survival in cancer patients (2, 21) . Furthermore, Rsf-1 gene knockdown inhibited cell growth in ovarian cancer cells that harbor Rsf-1 amplification, but not in cell lines without Rsf-1 overexpression, suggesting an important role of Rsf-1 amplification in maintaining survival and growth in ovarian cancer. In this study, we address if interactions between Rsf-1 and hSNF2H proteins are required for survival and growth of cancer cells.
board. Tissue microarrays (triplicate 1.5-mm cores from each specimen) were prepared to facilitate immunohistochemistry using an EnVision+ System peroxidase kit (DAKO) with an antibody dilution of 1:1,000 for the anti-Rsf-1 antibody (Upstate) and 1:1,000 for the anti-hSNF2H antibody (Upstate). Immunointensity was independently scored by two investigators based on nuclear immunoreactivity and labeled as negative (0), weakly positive (1+), moderately positive (2+), strongly positive (3+), and intensely positive (4+). For discordant cases, a third investigator scored the intensity and the final intensity score was determined by the majority scores.
Inducible constructs and Rsf-1-inducible cell clones. The full-length Rsf-1 gene was tagged with a V5 epitope at the COOH terminus and was then cloned into Tet-off expression vectors, pBI or pTRE-hygro (Clontech). Parental RK3E and SKOV3 cells were transfected with a tetracyclinecontrolled transactivator (tTA) expression vector. The inducible Rsf-1 expression vectors were constructed and introduced into the RK3E-tTA and SKOV3-tTA cells, and the stable transfectants were selected. Transfection was done with Lipofectamine (Invitrogen) according to the manufacturer's protocol. To determine the efficiency of Rsf-1 induction in the Tet-off system, we carried out Western blots to analyze Rsf-1 protein expression at different time points after induction. The method of Western blot with the anti-Rsf-1 antibody has previously been described (2, 22) . Double immunofluorescence staining. Rsf-1-inducible RK3E cells were used to determine whether Rsf-1 and hSNF2H colocalized in the same cellular compartment. The inducible cells grown on chamber slides (Nunc) were transfected with an hSNF2H-expressing vector tagged with an Xpress epitope at the NH 2 terminus. Cells were washed with doxycyclinecontaining or doxycycline-free medium to turn off or turn on the Rsf-1 gene, respectively. Forty-eight hours after transfection, cells were fixed and incubated with an anti-Xpress antibody (Invitrogen) to detect hSNF2H, followed by a FITC-conjugated goat anti-V5 antibody (QED Bioscience) to detect Rsf-1. The cells were then incubated with a rhodamine-conjugated antimouse antibody (Jackson ImmunoResearch Laboratories).
Coimmunoprecipitation. A series of Rsf-1 deletion mutants (Rsf-D1 to Rsf-D10) were cloned into pcDNA6/V5, which was used to transfect a stable HEK293 cell line constitutively expressing hSNF2H tagged with an Xpress epitope at the NH 2 terminus (Invitrogen). Forty-eight hours after transfection, cells were lysed and deletion mutant proteins were pulled down by anti-V5 agarose (Sigma) and immunoblotted with an anti-Xpress antibody to detect hSNF2H protein. For the competition assay, recombinant Rsf-1 deletion mutant protein, Rsf-D4, was expressed and purified by a PET27b E. coli purification system (Novagen). Rsf-D4 protein was added into cell lysate at different concentrations from 0 to 50 Ag/mL during coimmunoprecipitation to compete with full-length Rsf-1 protein for hSNF2H binding. Coimmunoprecipitation was also done to assess the hSNF2H binding proteins. The anti-BAZ1A antibody (clone 1F6) was purchased from Abnova, and the anti-BAZ1B (W3614) was purchased from Sigma. The cell lysate was prepared from OVCAR3 cells treated with Rsf-1 shRNA or vector control. Cell lysate was also prepared from SKOV3 cells with Rsf-1 gene turned on or turned off. The lysate was then equally aliquoted into three parts, and immunoprecipitation was done with antiRsf-1, anti-BAZ1A, and anti-BAZ1B antibodies. The immunoprecipitates were immunoblotted with an anti-hSNF2H antibody.
Quantitative real-time PCR. PCR reactions were done using an iCycler (Bio-Rad), and the threshold cycle numbers (C t ) were obtained using the iCycler Optical system interface software. Mean C t of the gene of interest was calculated from duplicate measurements and normalized with the mean C t of a control gene, h-amyloid precursor protein (APP), for which expression is relatively constant among the serial analysis of gene expression (SAGE) libraries analyzed (23) . In cases where no gene expression was observed, a cutoff C t value of 45 cycles was used. Data were expressed as fold increase or decrease as compared with the gene turned-off or vector control samples. We considered a change exceeding 2-fold (yC t > 1) to be significant in this study.
Cell growth and apoptosis assays. OVCAR3 ovarian cancer cells transfected with Rsf-1 deletion mutants and empty vector were grown in 96-well plates at a density of 3,000 per well. To determine similar expression levels of deletion mutants, the deletion mutant constructs were cloned into the pBI vector, which coexpressed green fluorescent protein (GFP) in transfected cells. We also generated a new OVCAR3-tTA cell clone with a high transfection efficiency using the Amaxa transfection kit (T buffer with program T-16) and these OVCAR3-tTA cells were used for cell growth and apoptosis assays. We observed a similar percentage of transfected cells with equal green fluorescence signals in all transfection groups after the second day of transfection, suggesting a similar transfection efficiency for each construct. Cell number was measured 4 d after transfection based on the fluorescence intensity of SYBR Green I nucleic acid staining (Molecular Probes). Cell growth on Rsf-D4-transfected OC24 and RK3E cells was monitored daily for 4 consecutive days with SYBR Green I staining. Bromodeoxyuridine (BrdUrd) uptake and staining were done with a cell proliferation kit (Amersham) as previously described (2) . For apoptosis assay, apoptotic cells were detected by staining with Annexin V-FITC (BioVision). The percentages of BrdUrdpositive and Annexin V-positive cells were determined by counting at least 400 cells from different fields for each experiment. The data were expressed as mean F SD from triplicates.
Tumor xenograft in nude mice. Rsf-1-inducible SKOV3 cells were injected into the s.c. tissue of athymic nu/nu mice (5 Â 10 6 cells per injection; five mice with 10 injection sites for each group). Doxycycline (125 Ag/mouse) was i.p. injected everyday to suppress Rsf-1 gene expression in the Rsf-1 turned-off control mice. For the Rsf-1 turned-on group, mice were treated with equal volume of PBS. Tumor volume was measured every 3 d and tumors were excised and weighed at day 51. Tumors from turned-on and turned-off groups were evaluated for Rsf-1 induction using anti-V5 antibody staining (Invitrogen) on paraffinembedded tumor sections.
SAGE data analysis. Analysis of gene expression using the SAGE data has previously been described (24, 25) . Briefly, ovarian SAGE libraries including the ovarian surface epithelial cells (OSE4) and ovarian cancer cell lines (MPSC1, ES2, A2780, and OVCAR3) were retrieved from the SAGE database 4 and previously established data (26, 27) . The UniGene was searched for the protein of interest, and the appropriate match was chosen based on its specificity for the protein and number of sequences. The transcript expression levels were normalized as the number of tags per 100,000 tags in each library.
Results
Coexpression of Rsf-1 and hSNF2H. hSNF2H has been shown to directly interact with Rsf-1 to form a chromatin remodeling complex, RSF (5), but the evidence to support such interaction in cancer cells has not yet been shown. Here, we observed that both Rsf-1 and hSNF2H immunoreactivity were located in the nuclei of tumor cells (Fig. 1A) and showed a significant association (P = 0.048) with Rsf-1 and hNSF2H immunointensity on the same specimens based on m 2 test (Table 1) . Second, we carried out coimmunoprecipitation and showed that Rsf-1 protein interacted with hSNF2H protein in an ovarian cancer cell line, OVCAR3, which is known to contain Rsf-1 amplification (Fig. 1B; ref. 2). Next, we asked whether induction of Rsf-1 expression enhanced the protein level of hSNF2H. An inducible (Tet-off) Rsf-1 expression system was generated in the SKOV3 cell line, which did not harbor Rsf-1 amplification or express a detectable level of endogenous Rsf-1. After induction of Rsf-1, an increased amount of both Rsf-1 and hSNF2H protein levels was found in a time-dependent manner (Fig. 1C) . In contrast to the significantly increased protein level, hSNF2H mRNA level, as measured at 6 hours after Rsf-1 induction, increased only by 1.04-fold. In addition, ectopic expression of hSNF2H in HEK293 cells did not enhance Rsf-1 protein level (Fig. 1D) . The above findings suggest that Rsf-1 proteins may function to stabilize hSNF2H protein level in cancer cells.
Induction of Rsf-1 expression promotes tumor growth in SKOV3 xenografts. As an attempt to determine whether Rsf-1 protein up-regulation contributes to tumor growth, we used the SKOV3 xenograft model in nude mice. Before s.c. injection, we analyzed Rsf-1 mRNA level in SKOV3-Rsf-1 Tet-off cells and found that its expression level gradually increased to a level that was comparable to that in Rsf-1-amplified ovarian carcinoma tissues ( Fig. 2A) . As compared with noninduced tumors, Rsf-1-induced tumors grew much faster and had an increased tumor weight (P < 0.01; Fig. 2B-D) . Immunohistochemistry of the tumors excised at the time of sacrifice showed diffuse Rsf-1 nuclear staining in tumor cells in the Rsf-1-induced, but not the noninduced, group, indicating a sustained Rsf-1 expression in xenografts after Rsf-1 Figure 1 . Co-upregulation of Rsf-1 and hSNF2H expression in ovarian carcinoma cells. A, immunohistochemistry with anti-Rsf-1 and anti-hSNF2H antibodies on ovarian serous carcinoma tissues. Representative tissue sections with different immunointensity (from 1+ to 4+) of Rsf-1 and hSNF2H. For each intensity group, both sections were obtained from similar areas of the same specimen. B, coimmunoprecipitation was done to assess if Rsf-1 protein forms a complex with hSNF2H protein in OVCAR3 cells. Protein lysate was pulled down with an anti-Rsf-1 antibody, separated by gel electrophoresis, and visualized by silver staining (lane 1). Western blotting was done to show that the major proteins in the pulled down fraction were Rsf-1 with a molecular weight of f215 kDa (black arrow ) and a degradation product of f130 kDa (gray arrow , lane 3) and hSNF2H protein with a molecular weight of f146 kDa (open arrow , lane 5). Protein G alone was used as the control in immunoprecipitation in lanes 2, 4, and 6. C, SKOV3 ovarian cancer line, which expresses an undetectable level of endogenous Rsf-1, was engineered to express Rsf-1 controlled by a Tet-off system. Rsf-1 induction increased the hSNF2H protein level in a time-dependent fashion based on Western blotting analysis. D, Western blot analysis showed no increase in Rsf-1 protein level in HEK293 cells, which were previously engineered to overexpress hSNF2H (lane 2) as compared with the parental cell control (lane 1). OVCAR3 cells served as the positive control for this assay (lane 3). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the loading control. induction. Consistent with increased tumor sizes in Rsf-1-induced tumors, the mitotic count (mitoses per 100 tumor cells) in the Rsf-1-induced tumors was 1.67 F 0.34, which was significantly higher than 0.87 F 0.27 in noninduced tumors (P < 0.05). We did not observe any significant difference between Rsf-1-induced tumors and noninduced controls in tumor cell morphology, blood vessel density, and invasiveness into surrounding soft tissues.
Rsf-1/hSNF2H complex is the predominant chromatin remodeling complex in Rsf-1-overexpressing cells. SNF2H-containing complexes (belonging to the ISWI subfamily) have been reported in mammalian cells and they included RSF, CHRAC, ACF/ WCRF, NoRC, and WICH (28) (29) (30) (31) (32) . Each complex contains subunits that may regulate the specificity or catalytic activity of SNF2H. For example, RSF contains Rsf-1 and SNF2H (5); ACF/WCRF contains BAZ1A (also known as ACF1 or WCRF180) and SNF2H (29) ; and WICH contains BAZ1B (also known as WSTF) and SNF2H (30) . Because Rsf-1 is one of the binding partners for SNF2H, we assessed the cellular localization of both Rsf-1 and SNF2H in an Rsf-1-inducible cell line, RK3E. Immunofluorescence staining revealed that hSNF2H protein was diffusely distributed in both cytoplasm and nuclear compartments when Rsf-1 was turned off (Fig. 3A) . On Rsf-1 induction, Rsf-1 protein, which contains several nucleus localization signal sites, was overexpressed in the nuclei. Interestingly, hSNF2H was translocated into nuclei and colocalized with Rsf-1 (Fig. 3A) .
To determine the gene expression of the candidate binding partners of hSNF2H in ovarian cancer cells, we analyze the SAGE database. Among those binding partners, we found that Rsf-1, BAZ1A, BAZ1B, and BAZ2A were abundantly expressed in ovarian cancer cell lines including OVCAR3, A2780, ES2, and MPSC1, whereas their expression levels were relatively low in the OSE4 cell line, which was derived from normal ovarian surface epithelium ( Supplementary Fig. S1 ). Of notice, Rsf-1 represented the major binding partner for hSNF2H expressed in OVCAR3 cells that amplified the Rsf-1 locus.
Because Rsf-1 was found to be overexpressed in tumor cells, it is possible that in those cells, excessive Rsf-1 molecules compete with other SNF2H binding partners for SNF2H binding. To address this possibility, we carried out immunoprecipitation to determine the association of representative SNF2H binding partners, including BAZ1A, BAZ1B, and Rsf-1, with hSNF2H on Rsf-1 induction in SKOV3 cells and Rsf-1 knockdown in OVCAR3 cells. BAZ2A was not analyzed here because the antibody reacting to BAZ2A was not currently available. In SKOV3 cells with Rsf-1 induction, the protein level of hSNF2H that was coimmunoprecipitated with Rsf-1 was significantly increased whereas its level of coimmunoprecipitation with BAZ1A and BAZ1B was significantly reduced as compared with the SKOV3 cells without Rsf-1 induction (Fig. 3B) . In the Rsf-1 shRNA approach, down-regulation of Rsf-1 significantly reduced the level of Rsf-1/hSNF2H complex and enhanced the formation of BAZ1A/hSNF2H and BAZ1B/hSNF2H complexes (Fig. 3C) . The above results indicated that Rsf-1 overexpression, as occurred in Rsf-1-amplified tumors, ''hijacked'' hSNF2H from other partners to the Rsf-1 complex.
Mapping of hSNF2H binding domain on Rsf-1. We have previously shown that cell growth and survival depended on Rsf-1 expression in ovarian cancer cells with Rsf-1 gene amplification and overexpression (2) . To determine whether the formation of Rsf-1/hSNF2H complex is required for cell survival, we applied a dominant negative approach by generating an Rsf-1 deletion mutant that competed with wild-type ( full-length) Rsf-1 for hSNF2H binding. First, we generated a series of Rsf-1 deletion mutants ( from Rsf-D1 to Rsf-D10) that contained different protein motifs (PHD, DDT, Glu-rich, etc.; Fig. 4A ). These fragments were cloned into expression vectors, which were used to transfect HEK293 cells to assess their ability to coimmunoprecipitate with hSNF2H (Fig. 4B) . We found that among all deletion mutants, only the Rsf-D4 fragment (amino acids 1-973) could robustly coimmunoprecipitate with hSNF2H whereas others did not show (Fig. 4C) . The Rsf-D4 contains DDT, Glu-rich, and PHD motifs but lacks the COOH-terminal Rsf-1 domain (Fig. 4D) . By increasing the amount of recombinant Rsf-D4 protein during coimmunoprecipitation, we observed that the amount of hSNF2H immunoprecipitate decreased in a dosedependent fashion, indicating that Rsf-D4 competed with the endogenous full-length Rsf-1 for interacting with hSNF2H (Fig. 5A) .
Effects of Rsf-D4 expression on cell growth and apoptosis in ovarian cancer cells. To determine the biological effects of Rsf-D4 on ovarian cancer cells, we expressed deletion mutants from Rsf-D1 to Rsf-D10 individually in OVCAR3 cells that expressed the highest levels of Rsf-1 and hSNF2H proteins (ref. 2; Fig. 5B) , and then the cell number was determined. As shown in Fig. 5C , the most significant decrease in cell number was observed in Rsf-D4-transfected cells and, to a lesser extent, in Rsf-D3-transfected cells (Fig. 5C) . Furthermore, expression of Rsf-D4 suppressed cellular proliferation based on BrdUrd uptake (Fig. 5D ) and increased the percentage of Annexin V-labeled cells (Fig. 5E) . In contrast, Rsf-D4 expression did not lead to any significant decrease in cell number in OC24 and RK3E cells with undetectable Rsf-1 expression (P > 0.05; Supplementary Fig. S2 ).
Discussion
Our previous studies have shown the clinical significance of Rsf-1 gene amplification and overexpression in ovarian carcinomas as its increased gene copy number and expression level are associated with the most aggressive type of ovarian cancer (2, 20, 21) . Furthermore, we have shown that Rsf-1-amplified tumors depend on Rsf-1 proteins to survive. In this study, we provide new evidence that induction of Rsf-1 expression is associated with hSNF2H protein expression, and a higher copy number of Rsf-1/hSNF2H complexes increases tumor size in a tumor xenograft mouse model. We further show that expression of an Rsf-1 dominant negative protein that contains the hSNF2H binding motif is sufficient to suppress cell growth in cancer cells with Rsf-1 overexpression but not in cells with undetectable Rsf-1 expression levels. These findings provide new insights into the tumor-promoting functions of Rsf-1 and suggest that the formation of the RSF chromatin remodeling complex may be one of the mechanisms contributing to survival and growth in ovarian cancer cells.
Because Rsf-1 forms a chromatin remodeling complex with hSNF2H, it is likely that both proteins are coexpressed in tissues. Thus, we first asked if both Rsf-1 and hSNF2H proteins were coupregulated. Based on immunostaining on ovarian serous carcinoma tissues, we were able to show that this was the case. To determine whether the co-upregulation is merely a coincident event or a result of Rsf-1 overexpression, we established an Rsf-1 inducible ovarian cancer cell line, SKOV3, which showed hSNF2H expression but with undetectable Rsf-1 expression. We observed that induction of Rsf-1 expression in SKOV3 increased the protein, Figure 3 . Analysis of interaction between hSNF2H and its binding partners. A, immunofluorescence staining of Rsf-1 and hSNF2H proteins shows that Rsf-1 colocalizes with hSNF2H in the nuclei. Rsf-1-inducible RK3E cells were transiently transfected with hSNF2H gene fused with an Xpress tag. Double immunofluorescence staining was done to detect Rsf-1 (green fluorescence; anti-V5) and hSNF2H (red fluorescence; anti-Xpress) proteins, respectively. B, immunoprecipitation was done in SKOV3 cells stably transfected with a Tet-off inducible Rsf-1 expression construct. The protein level of hSNF2H that was coimmunoprecipitated with Rsf-1 was increased in Rsf-1-induced (Rsf-1 on) cells but the level of hSNF2H that coimmunoprecipitated with BAZ1A and BAZ1B was significantly reduced as compared with control SKOV3 cells without Rsf-1 induction (Rsf-1 off). Equal protein amount was used in immunoprecipitation for each antibody. C, immunoprecipitation assays were done to compare the binding capability between hSNF2H and different binding partners. Rsf-1 gene expression was knocked down by shRNA in Rsf-1 -amplified OVCAR3 cells (left ). The cell lysate of equal protein amounts from Rsf-1 shRNA-and control vector-transfected cells was then immunoprecipitated with anti-Rsf-1, anti-BAZ1A, and anti-BAZ1B antibodies (Ab), respectively (right ). The immunoprecipitated complex was separated by SDS-PAGE and blotted with an anti-hSNF2H antibody to determine the amount of coimmunoprecipitated hSNF2H binding partners including Rsf-1, BAZ1A, and BAZ1B. but not the mRNA, level of hSNF2H, suggesting that Rsf-1 stabilized the hSNF2H proteins probably through the complex formation that prevented its protein degradation. Therefore, it is likely that in Rsf-1-amplified or Rsf-1-overexpressing carcinomas, the amount of hSNF2H also increases as a result of Rsf-1 up-regulation to form the RSF chromatin remodeling complex. Besides, we compared the growth of SKOV3 xenografts in mice between Rsf-1 induction and control (noninduction) groups and found that the size of SKOV3 tumors in mice significantly increased on Rsf-1 induction as compared with those without induction. These data highly suggest that Rsf-1 overexpression promotes tumor growth.
Based on deletion mapping, coimmunoprecipitation study, and competition assay, we were able to define the hSNF2H binding domain (Rsf-D4) on the Rsf-1 molecule, which contains both DDT and PHD motifs at the NH 2 -terminal region. It seems that both DDT and PHD domains are the required motifs for hSNF2H interaction because other deletion mutants containing only one of them did not show a robust coimmunoprecipitation with hSNF2H. Further structure biology studies should be helpful to disclose the precise physical interaction between DDT/PHD domains on Rsf-1 and hSNF2H proteins. The dominant negative effects of Rsf-D4 in ovarian cancer cells with Rsf-1 gene amplification and overexpression but not in cells with low or undetectable Rsf-1 expression suggest that the complex formation of full-length Rsf-1 and hSNF2H is essential for tumor growth and survival for those tumor cells that are molecularly ''addict'' to Rsf-1 gene amplification or up-regulation. Furthermore, the lack of growth-suppressive effects on cells with undetectable Rsf-1 expression indicates that the Rsf-D4 effects are not likely due to a nonspecific cytotoxic effect associated with the Rsf-D4 protein.
Although the above represents our preferred view, alternative interpretations should be pointed out. For example, like other dominant negative approaches that are used to modulate the activity of an endogenous protein by interfering normal proteinprotein interactions, the Rsf-D4 approach used in this study may not be entirely specific to interrupt the interaction between Rsf-1 and hSNF2H. It is possible that the Rsf-D4 may complex with other protein(s) besides hSNF2H and overexpression of Rsf-D4 can potentially interfere the binding of these protein(s) to fulllength endogenous Rsf-1.
How does Rsf-1 overexpression, and thereby the increased Rsf-1/ hSNF2H complex formation, contribute to tumor cell survival and growth? There are at least two possibilities based on the current study. First, it is plausible that an increased number of RSF complexes may facilitate remodeling of chromatin structures or modification of functions of oncogenes and tumor suppressors that interact with the complexes (32), thus promoting tumorigenesis. Second, overexpression of Rsf-1, as occurs in ovarian carcinoma A, a series of Rsf-1 deletion mutants, Rsf-D1 to Rsf-D10, were generated and cloned into the pcDNA6/V5 vector. The locations of each mutant are shown in parentheses. E, the predicted nucleus localization signal site; DEAD/DEAH box, a conserved motif for ATP-dependent helicases. Helica, helicase catalytic domain. SANT, a conserved DNA-binding domain for SANT SWI3, ADA2, N-CoR, and TFIIIB proteins. DDT, a conserved domain of DNA-binding homeobox-containing proteins; PHD, plant homeodomain-type zinc finger domain; Glu, glutamine-rich region; Arg, arginine-rich region. B, deletion mutants, Rsf-D1 to Rsf-D10, and pcDNA6 (V) were transfected into hSNF2H-expressing HEK293 cells and their protein expression was confirmed by Western blot analysis with an anti-V5 antibody. C, coimmunoprecipitation was done to determine the minimal domain(s) of Rsf-1 protein that interacts with hSNF2H. The hSNF2H protein was tagged with Xpress and the Rsf-1 mutants were tagged with V5 to facilitate immunoprecipitation. The proteins pulled down with anti-V5 antibody were immunoblotted with an anti-Xpress antibody. In addition to the full-length Rsf-1 (R), Rsf-D4 is the only mutant that coimmunoprecipitated with hSNF2H (arrowhead ). D, summary of different motifs on Rsf-1 deletion mutants and their hSNF2H binding capacity based on coimmunoprecipitation (I.P. ). cells, can alter cellular distribution and the partnership of hSNF2H. hSNF2H is known to interact with several proteins other than Rsf-1, and the hSNF2H-containing ISWI complexes have diverse cellular functions. Thus, excessive Rsf-1 molecules may sequester hSNF2H, leading to a loss or a decrease in abundance of other hSNF2H-containing complexes such as hSNF2H/BAZ1A and hSNF2H/ BAZ1B. Because several protein members in the SNF family have been reported as tumor suppressors and have been found to be down-regulated or inactivated in cancer tissues (16, 18) , it is possible that reduction of these hSNF2H complexes with tumor suppressor potential by excessive Rsf-1 contributes to the observed growth-stimulating effects in cancer cells. However, our findings show that expressing a Rsf-D4 deletion mutant, which holds avid hSNF2H binding activity, can induce growth suppression in tumor cells. This observation suggests that sequestering hSNF2H from other complexes by Rsf-D4 mutant alone was not able to promote cell growth as seen in full-length Rsf-1. Therefore, the tumorpromoting phenotype mediated by full-length Rsf-1 is more likely due to an increase of RSF complex formation rather than a decrease of other hSNF2H-containing complexes. Further studies are needed to show the detailed mechanisms underlying how Rsf-1/hSNF2H complexes contribute to tumor development.
In conclusion, the current study attempts to explore the functional roles of a chromatin remodeling protein, Rsf-1, in promoting ovarian cancer. Our data provide evidence that the interaction of Rsf-1 and hSNF2H proteins to form the chromatin remodeling complex is essential for cell survival and growth in ovarian cancer. Our results should help understand the pathogenesis of ovarian cancer development and may have translational implications for new cancer therapy. 
